Incubation of isolated hepatocytes with glutamine or proline or in hypotonic media is known to activate glycogen synthase and acetyl-CoA carboxylase as a result of cell swelling. We report here that the same experimental conditions caused an activation of phosphatidylinositol 3-kinase and p70 ribosomal protein S6 kinase (p70 S6 kinase) but did not modify the activity of p42 mitogenactivated protein kinase. In addition, rapamycin, an inhibitor of p70 S6 kinase activation, prevented the amino acid-and hypotonicity-induced activation of p70 S6 kinase but did not block the activation of glycogen synthase and acetyl-CoA carboxylase, thus ruling out p70 S6 kinase as a necessary component in the activation pathway. By contrast, wortmannin or LY294002, inhibitors of phosphatidylinositol 3-kinase, completely blocked the activation of phosphatidylinositol 3-kinase and p70 S6 kinase and partly blocked the activation of glycogen synthase and acetyl-CoA carboxylase. Therefore, phosphatidylinositol 3-kinase might be a component of the signaling pathway that is triggered by cell swelling and is responsible, at least in part, for the activation of glycogen synthase and acetyl-CoA carboxylase. Incubation of hepatocytes with 0.1 M epidermal growth factor doubled the activity of p42 mitogen-activated protein kinase without activating glycogen synthase.
Incubation of isolated hepatocytes with glutamine or proline or in hypotonic media is known to activate glycogen synthase and acetyl-CoA carboxylase as a result of cell swelling. We report here that the same experimental conditions caused an activation of phosphatidylinositol 3-kinase and p70 ribosomal protein S6 kinase (p70 S6 kinase) but did not modify the activity of p42 mitogenactivated protein kinase. In addition, rapamycin, an inhibitor of p70 S6 kinase activation, prevented the amino acid-and hypotonicity-induced activation of p70 S6 kinase but did not block the activation of glycogen synthase and acetyl-CoA carboxylase, thus ruling out p70 S6 kinase as a necessary component in the activation pathway. By contrast, wortmannin or LY294002, inhibitors of phosphatidylinositol 3-kinase, completely blocked the activation of phosphatidylinositol 3-kinase and p70 S6 kinase and partly blocked the activation of glycogen synthase and acetyl-CoA carboxylase. Therefore, phosphatidylinositol 3-kinase might be a component of the signaling pathway that is triggered by cell swelling and is responsible, at least in part, for the activation of glycogen synthase and acetyl-CoA carboxylase. Incubation of hepatocytes with 0.1 M epidermal growth factor doubled the activity of p42 mitogen-activated protein kinase without activating glycogen synthase.
The stimulation of liver glycogen synthesis and lipogenesis by Na ϩ -cotransported amino acids results from the activation of glycogen synthase (GS) 1 and acetyl-CoA carboxylase (ACC) (1, 2) . The activation of both enzymes could be mediated by stimulation of protein phosphatase(s), resulting from amino acid-induced cell swelling (3, 4) . Swelling results, in part, from the accumulation of intracellular glutamate and leads to a mechanism of regulatory volume decrease, including a decrease in the intracellular concentration of Cl Ϫ ions (3). Together, these changes stimulate GS and ACC activation in cell-free extracts (3, 4) . A liver-type protein phosphatase-2A that activates ACC in the presence of glutamate has recently been partially purified (5) .
This interpretation does not rule out the implication of a protein kinase cascade in the swelling-induced activation of GS and ACC. Indeed, in hepatocytes incubated under hypotonic conditions and in the absence of amino acids, glutamate does not accumulate and thus cannot be involved in the activation of ACC. Similarly, the fall in intracellular Cl Ϫ ions is not sufficient to explain the activation, because in vitro the stimulation of ACC activation by a decrease in Cl Ϫ ions alone is relatively small (4) . Therefore, other mechanisms are invoked.
The involvement of a protein kinase signaling pathway in the hepatic response to osmotic stress has already been observed. Activation of mitogen-activated protein (MAP) kinase has been reported in hepatocyte monolayers that were made to swell by incubation in hypotonic media or with proline (6) . The phosphorylation state of ribosomal protein S6 was increased in hepatocytes incubated with amino acids or in hypotonic media (7) . Rapamycin, a known inhibitor of p70 ribosomal protein S6 kinase (p70 S6 kinase) activation (8, 9) , blocked this increase in S6 phosphorylation, indicating that p70 S6 kinase might be involved (7) . Finally, swelling-induced activation of MAP kinase was observed in hepatoma cells. This activation involved G-proteins and stimulated c-Jun phosphorylation (10) .
In this context, it is noteworthy that activation of muscle GS by insulin was initially proposed to result from the stimulation of the MAP kinase cascade (11, 12) . MAP kinase phosphorylates and activates p90 ribosomal protein S6 kinase, which in turn phosphorylates and inactivates glycogen synthase kinase-3 (one of the GS-inactivating enzymes) and activates type 1G protein phosphatase (responsible for GS activation). The end result of this phosphorylation cascade would thus be GS activation. However, more recent work has demonstrated that the MAP kinase signaling pathway is not responsible for GS activation by insulin, which could depend on a parallel signaling cascade involved in the insulin-induced stimulation of glucose transport (13) (14) (15) (16) . This pathway involves the activation of phosphatidylinositol 3-kinase (PI3-kinase); it is blocked by wortmannin, an inhibitor of this enzyme (17) , and it could lead to the activation of p70 S6 kinase, which phosphorylates and inactivates glycogen synthase kinase-3 (18) . Accordingly, p70 S6 kinase has been proposed to mediate GS activation by insulin in adipocytes (19) .
The purpose of our work was to investigate the protein kinase signaling pathway involved in the amino acid-and hypotonicity-induced activation of GS and ACC. The activities of MAP kinase, p70 S6 kinase and PI3-kinase were followed in hepatocytes incubated in hypotonic media or with Na ϩ -cotransported amino acids. We also tested the inhibitory effects of wortmannin and rapamycin.
EXPERIMENTAL PROCEDURES

Materials
Radiochemicals were from Amersham Corp.; microcystin-LR was from Calbiochem; and all other biochemical reagents were from Sigma, Boehringer Mannheim, or Calbiochem. Stock solutions (10 mM) of wortmannin (Sigma), rapamycin (Biomol), and LY294002 (Biomol) were stored at Ϫ20°C in Me 2 SO and diluted in 0.9% NaCl prior to use. Fatty acid synthase was purified from livers of fed rats (20) . Synthetic peptides used were cAMP-dependent protein kinase inhibitory peptide (TYADFIASGRTGRRNAIHD) (21) and the small p70 S6 kinase peptide (RRLSSLRA) (22) .
Preparation of Hepatocytes and Incubation Conditions
Hepatocytes were isolated from overnight-fasted male Wistar rats (180 -220 g body weight) and incubated at 50 -60 mg of cells (wet weight)/ml of incubation in a Krebs-Henseleit bicarbonate medium at 37°C and pH 7.4 with 20 mM glucose (23, 24) . Unless otherwise stated, cells were preincubated for 15 min with Me 2 SO (0.003%) or the inhibitors and were then incubated with 10 mM amino acids for the indicated periods of time. For hypotonic conditions, the concentration of NaCl was decreased from 118 to 68 mM by dilution with NaCl-depleted KrebsHenseleit bicarbonate medium containing 20 mM glucose and Me 2 SO or the inhibitors. Isotonic control cells were diluted with the same volume of corresponding isotonic medium. All media were in equilibrium with a gas phase of 95% O 2 /5% CO 2 .
Assay of GS, Glycogen Phosphorylase, and ACC
For the measurements of GS and glycogen phosphorylase, 125-l samples were withdrawn from the incubation flasks at the indicated times, mixed with 25 l of a stop buffer (0.45 M NaF, 90 mM EDTA, 2.25% glycogen, and 45 mM glycylglycine, pH 7.4), and immediately frozen in a cooling mixture (solid CO 2 and acetone). The active (a) forms of GS (24) and glycogen phosphorylase (25) were measured as described. The activity of ACC was measured in fresh, lysed (with 0.05 mg of digitonin/assay) hepatocytes by the incorporation of radioactive acetyl units into fatty acids in the presence of 0.5 mM magnesium citrate and an excess of purified fatty acid synthase (4, 26) . The reaction was started by the addition of 30 -50 l of hepatocyte suspension and stopped after 4 min at 37°C by 100 l of 10 M NaOH.
One unit of enzyme activity corresponds to the formation of 1 mol of product/min under the assay conditions.
Protein Kinase Assays
Preparation of Cell Extracts for p42 MAP Kinase Assays-Hepatocyte pellets (6000 ϫ g for 5 s) from 0.3 ml of cell suspension were homogenized (by freezing and thawing or with Ultra-Turrax) at 0°C in 0.3 ml of buffer A (50 mM Tris acetate, pH 8, 50 mM NaF, 5 mM sodium pyrophosphate, 1 mM EDTA, 1 mM EGTA, 0.1% (v/v) ␤-mercaptoethanol, 5 mM ␤-glycerol phosphate, 1 mM Na 3 VO 4 , and 1 M microcystin-LR) containing 0.27 M sucrose and a mixture of protease inhibitors (4 g/ml leupeptin, 1 mM benzamidine, 0.7 g/ml pepstatin, and 0.2 mM phenylmethanesulfonyl fluoride). After centrifugation (15,000 ϫ g for 15 min) at 4°C, the supernatant was stored at Ϫ80°C.
Preparation of Cell Extracts for PI3-kinase and p70 S6 Kinase Assays-Hepatocyte pellets (6000 ϫ g for 5 s) from 2 ml of cell suspension were washed with phosphate-buffered saline (137 mM NaCl, 2.68 mM KCl, 8 mM Na 2 HPO 4 , and 1.47 mM KH 2 PO 4 , pH 7.2) and lysed on ice by adding 500 l of buffer B (50 mM Hepes, pH 7.5, 150 mM NaCl, 10 mM EDTA, 10 mM sodium pyrophosphate, 100 mM NaF, 1 mM Na 3 VO 4 , and 1% (v/v) Nonidet P-40) containing the same mixture of protease inhibitors described above. After 15 min of slow agitation and centrifugation (15,000 ϫ g for 15 min) at 4°C, the supernatants were stored at Ϫ80°C.
Immunoprecipitation of Protein Kinases-Cell extracts were incubated with slow agitation in a final volume of 500 l for 1 h at 4°C with the indicated amount of antibody and then for 2 h at 4°C with 20 l of swollen protein A-Sepharose CL-4B (Pharmacia Biotech Inc.) prewashed in homogenization buffer.
Assay of p42 MAP Kinase Activity-An aliquot (50 g of protein) of the cell extract was immunoprecipitated with 1 g of a rabbit polyclonal anti-(COOH-terminal Erk-2) antibody (Santa Cruz Biotechnology), which reacts with p42 MAP kinase and, to a lesser extent, with p44 MAP kinase. The protein A-Sepharose complex was washed twice with buffer A containing the mixture of protease inhibitors and three times with a protein kinase buffer (25 mM Tris-HCl, pH 7, 10 mM magnesium acetate, 0.1 mM EGTA, and 0.1 mM Na 3 VO 4 ). The activity of p42 MAP kinase was measured essentially as described (27) at 30°C in a final volume of 50 l containing the protein kinase buffer, 1 M microcystin-LR, 1 M protein kinase inhibitory peptide, 0.33 mg/ml myelin basic protein, and 0.1 mM Mg-[␥-
32 P]ATP (250 Ci/mol). The reaction was initiated with Mg-ATP and was linear for 30 min. Incorporation of 32 P into myelin basic protein was measured at 15 min by spotting 20-l aliquots onto Whatman P81 papers as described (28) .
Assay of PI3-kinase Activity-The method was adapted from that of Giorgetti et al. (29) . PI3-kinase activity was immunoprecipitated using 30 l of cell extract and 0.4 l of a mixture of rabbit antisera against the NH 2 -terminal SH2 region and the p85 subunit of rat PI3-kinase (Upstate Biotechnology, Inc.), which immunoprecipitates both the 85-and 110-kDa subunits. The protein A-Sepharose complex was washed twice with phosphate-buffered saline containing 1% Nonidet P-40, twice with Tris (0.1 M)-buffered LiCl (0.5 M), and twice with 10 mM Tris, 100 mM NaCl, and 5 mM EDTA. All washing buffers (pH 7.4) were freshly prepared and contained 0.1 mM Na 3 VO 4 . The immunoprecipitated enzyme was resuspended in 30 l of 20 mM Hepes, pH 7.4, 0.4 mM EGTA, and 0.4 mM Na 2 HPO 4 . PI3-kinase activity was assayed at 30°C in a final volume of 50 l in the same buffer containing 50 mM MgCl 2 , 0.25 mM Mg-[␥-
32 P]ATP (200 Ci/mol), and 1 g of sonicated (three times for 15 s each) phosphatidylinositol (Sigma). The reaction was initiated with MgATP and was linear for 15 min. Reactions were stopped after 10 min by 15 l of 4 M HCl. Phosphatidylinositol was recovered in the chloroform phase after addition of 130 l of chloroform/methanol (1:1). This phase was dried, and the pellet was resuspended in 10 l of chloroform and spotted immediately onto a TLC plate (Silica Gel 60; Merck). The samples were chromatographed for 2 h in chloroform/ methanol/ammonia (25%)/water (45:35:3:7), and the radioactivity of the spots corresponding to phosphatidylinositol 3-phosphate was monitored by phosphorimaging.
Assay of p70 S6 Kinase Activity-p70 S6 kinase activity was immunoprecipitated using 70 l of cell extract and 1 g of a rabbit polyclonal anti-(COOH-terminal p70 S6 kinase) antibody (Santa Cruz Biotechnology). The protein A-Sepharose complex was washed three times with buffer A including the mixture of protease inhibitors and twice with buffer C (20 mM 4-morpholinepropanesulfonic acid, pH 7.2, 25 mM ␤-glycerol phosphate, 5 mM EGTA, 2 mM EDTA, 20 mM MgCl 2 , 2 mM Na 3 VO 4 , and 1 mM dithiothreitol). p70 S6 kinase activity was assayed essentially as described (13) One unit of protein kinase activity corresponds to 1 mol of 32 P incorporated into the substrate peptide or protein/min under the assay conditions.
RESULTS
Wortmannin Prevents the Activation of ACC and GS by
Amino Acids and Hypotonicity-Incubation of isolated rat hepatocytes with glutamine or proline activated both GS and ACC (Fig. 1) . These amino acids are each metabolized to glutamate, and their overall effects on GS and ACC were the same. However, the activation of ACC by glutamine occurred after a delay, which was less pronounced with proline. Wortmannin prevented the activation of both enzymes by glutamine and proline; the inhibition was partial except for ACC activation in glutamine-treated cells, in which it was almost complete. Despite 15 min of preincubation of the cells with wortmannin, the effect was not immediate and was only detectable after a lag period of about 10 min (Fig. 1) . The concentration (0.3 M) of wortmannin used was maximally effective, because it was 15 and 6 times the concentration required for half-maximal inhibition of the glutamine-induced activation of GS and ACC, respectively (Fig. 2) .
Cell swelling by itself, as a result of incubation of hepatocytes in hypotonic medium (Fig. 1) , also activated both enzymes. As with the amino acids, the activation was partly abolished by wortmannin. However, the effects were slightly different; GS activation and its abrogation by wortmannin were more pronounced in hypotonic medium than with amino acids. Thus, cell swelling might be a common mechanism for activa-tion of ACC and GS by glutamine, proline, and hypotonicity, but it is probably not the only mechanism involved.
The effects of wortmannin on GS and ACC activation by glutamine or hypotonicity were mimicked by 50 M LY294002, another inhibitor of PI3-kinase (data not shown).
We also checked that the effect of wortmannin could not be explained by a change in cell volume. Indeed, the 10 -12% increase in cell weight observed in hepatocytes incubated under the various conditions was not affected by wortmannin. Moreover, the intracellular concentration of glutamate, which accumulated in cells incubated with proline (from 3.8 Ϯ 1.1 to 12.6 Ϯ 2.5 mol/g of cells after 45 min of incubation; means Ϯ S.D., n ϭ 4), was not decreased by wortmannin (11.8 Ϯ 2.2 mol/g of cells; mean Ϯ S.D., n ϭ 4). However, in cells incubated with glutamine, the accumulation of intracellular glutamate was partly inhibited and delayed by wortmannin (Fig. 3) . Fig. 1 also shows that, after 45-60 min, the basal activation of GS by glucose in the absence of amino acids was prevented by wortmannin. This glucose-induced activation of GS is believed to result from a sequential mechanism (inactivation of glycogen phosphorylase preceding GS activation), which is due to the inhibition of GS phosphatase by phosphorylase a (see Refs. 30 and 31 for reviews). Wortmannin had no effect on phosphorylase inactivation by glucose, whereas it partly prevented the glucose-induced activation of GS (Fig. 4) . This indicates that part of the glucose effect is not mediated by phosphorylase inactivation, which is at variance with the proposed sequential mechanism (30, 31) .
Wortmannin Inhibits the Glucose-induced Activation of GS-
PI3-kinase and p70 S6 Kinase Are Activated by Cell Swelling-Because wortmannin inhibits PI3-kinase (for review, see Ref. 32 ), we tested whether PI3-kinase could be activated by incubation of hepatocytes with glutamine or proline or in hypotonic medium. It was indeed activated in hepatocytes stimulated by amino acids or hypotonicity (Fig. 5) . In the presence of glutamine or proline, the activation followed a lag period of about 10 min. The activation was transient, reaching a maximum after 20 min. Wortmannin not only inhibited the activation of PI3-kinase in stimulated cells but also decreased basal activity in the controls, which was already detectable after 15 
FIG. 3.
Inhibition by wortmannin of the intracellular accumulation of glutamate in glutamine-treated hepatocytes. Hepatocytes were preincubated for 15 min with 20 mM glucose and 0.003% Me 2 SO (E and Ç) or 0.3 M wortmannin (q and å) and then incubated with 0.9% NaCl (Ç and å; n ϭ 2) or 10 mM glutamine (E and q; n ϭ 3) for the indicated periods. Glutamate was assayed enzymatically in neutralized extracts (1) . The values are the mean Ϯ S.E. (t test for paired samples). ‫,ء‬ significant differences (p Ͻ 0.05) between corresponding values with and without wortmannin in the glutaminetreated cells.
min of preincubation. The effects of wortmannin were mimicked by 50 M LY294002 (data not shown).
p70 S6 Kinase was activated under the same conditions (Fig.  5) . As expected, the activation of p70 S6 kinase was slower than that of PI3-kinase and reached a maximum after 30 -45 min. The delay in p70 S6 kinase activation (Fig. 5 ) was in general longer than that in GS and ACC activation (Fig. 1) .To ascertain whether p70 S6 kinase could be involved in ACC and GS activation by amino acids or hypotonicity, we studied the effects of rapamycin, an inhibitor of the PI3-kinase-stimulated activation of p70 S6 kinase (33) . PI3-kinase activation was unaffected by rapamycin, whereas p70 S6 kinase activation was completely blocked (Table I) . However, the activation of GS and ACC by either glutamine, proline, or hypotonicity was not affected by rapamycin (Table I) . Therefore, p70 S6 kinase is not involved in the cell swelling-induced activation of ACC and GS.
The Signaling Pathway Triggered by Cell Swelling Does Not Include p42 MAP Kinase-Little, if any, activation of p42 MAP kinase was detected in hepatocytes made to swell by incubation with glutamine or proline or in hypotonic conditions. With glutamine, a nonsignificant increase in activity could be detected (Table I) . With hypotonicity and proline, the 10 -20% increase in activity observed at 10 min of incubation (Table I) was not detected at 30 and 40 min of incubation (results not shown). However, when cells were treated with 100 nM epidermal growth factor as a positive control, p42 MAP kinase activity was more than doubled (from 0.6 milliunit/g to 1.35 milliunits/g of cells) and the activation was blocked by wortmannin. Furthermore, despite the epidermal growth factor-induced activation of p42 MAP kinase, GS was not activated. Similar results, namely, activation of MAP kinase without a change in GS, have been observed in adipocytes treated with epidermal growth factor (13, 15, 34) . DISCUSSION 
Activation of Protein Kinases by Cell Swelling-Hepatocyte
swelling, be it induced by Na ϩ -cotransported amino acids or hypotonic media, activates PI3-kinase and p70 S6 kinase. It did not activate p42 MAP kinase. By contrast, epidermal growth factor did activate p42 MAP kinase without, however, activating GS. These results rule out p42 MAP kinase as a necessary step in the activation of GS and ACC by cell swelling. Under conditions that induce opposite changes in cell volume, namely, cell shrinkage in hypertonic medium, activation of MAP kinase has been reported (35, 36) . These as well as our results are at variance with a previous report of cell swelling-induced activation of MAP kinases in hepatoma cells (10) . The discrepancy might be related to a difference in cell type (hepatocytes versus hepatoma cells) and to different experimental conditions. In fact, the activation of MAP kinases by swelling reported in hepatoma cells was only observed in the presence of 0.5 mM vanadate (10) .
The direct demonstration of an activation of PI3-kinase and p70 S6 kinase by cell swelling reported here confirms and explains the previous observation of an increase in rapamycinsensitive S6 phosphorylation in hepatocytes incubated with amino acids or in a hypotonic medium. The physiological significance of the swelling-induced activation of p70 S6 kinase is probably related to the regulation of proteolysis, as recently suggested (7). PI3-kinase and p70 S6 kinase should therefore be added to the list of protein kinases already known to be activated by osmotic stress (37) (38) (39) (40) .
Activation of GS and ACC-Activation of both GS and ACC by cell swelling was partly abrogated by wortmannin and LY294002 but not by rapamycin. This is in agreement with PI3-kinase being an essential component of the activation pathway but rules out p70 S6 kinase as a necessary step in the activation of GS and ACC by cell swelling. This situation is similar to the insulin-induced activation of GS in L6 myotubes. In these cells, the involvement of MAP kinase and p70 S6 kinase in GS activation by insulin was ruled out. Another protein kinase, the Akt/RAC protein kinase, also called protein kinase B, which is downstream of PI3-kinase (41, 42) , was reported to mediate the inactivation of glycogen synthase kinase-3 and, hence, the activation of GS by insulin (16) . A similar mechanism might be involved in GS activation by cell swelling in the liver. If this is the case, protein kinase B should also be able to control ACC activation. Alternatively, the possibility that ACC is activated by phosphorylation, rather than by dephosphorylation, as has been reported for adipose tissue (43) , deserves consideration.
The inhibition by wortmannin of the activation of GS and ACC occurred after a delay of about 10 min and was not complete. Therefore, this early activation of GS and ACC induced by Na ϩ -cotransported amino acids and hypotonicity was probably independent of PI3-kinase. On the other hand, the implication of the glutamate-sensitive protein phosphatase is supported by our observation that in cells incubated with glutamine and wortmannin, the accumulation of intracellular glutamate was inhibited (Fig. 3) . Accordingly, the activation of ACC was completely inhibited. This was not the case for the activation of GS, indicating that the glutamate-sensitive protein phosphatase acts primarily on ACC and not on GS.
Concerning the mechanism triggered by cell swelling and upstream of PI3-kinase, one would expect cell swelling to affect the cytoskeleton, where the signaling pathway leading to PI3-kinase and, eventually, GS and ACC activation might originate. The molecular architecture of the cytoskeleton is under the control of the small GTP-binding proteins Rho, Rac, and CDC 42, which can activate the p21-activated kinase (44, 45) . Alternatively, the focal adhesion nonreceptor tyrosine kinase (p125 focal adhesion kinase) could be involved in the signaling pathway. It has indeed been reported that incubation of intestinal cell lines in hypotonic conditions induced the phosphorylation of a protein associated with p125 focal adhesion kinase (37) . Finally, because most of these anabolic effects of cell swelling are very similar to those of insulin, insulin receptor substrate 1 might be involved.
In conclusion, swelling activates both PI3-kinase and p70 S6 kinase. However, only PI3-kinase mediates the swelling-induced activation of GS and ACC, and the mechanisms of activation upstream and downstream of PI3-kinase remain to be elucidated. 
